without trophic factor withdrawal (Wolozin et al., 1996) . survived embryonic development in the uterus and were alive at the time of natural delivery or C-section. Only It is possible that FAD-associated mutations increase the susceptibility of neurons to apoptotic stimuli leading two mutants were found to be dead with severe CNS hemorrhages after C-section at embryonic day 16.5. We to accelerated neuronal death in the brains of AD patients.
therefore conclude that absence of PS1 leads to neonatal lethality, with rare cases of embryonic lethality To characterize the normal physiological role of PS1, we have generated mice with a targeted disruption in caused by extensive CNS hemorrhages. the PS1 locus. We find that homozygous mutant mice derived from four independent embryonic stem (ES) cell PS1 Expression in PS1 Ϫ/Ϫ Mutants lines die minutes after natural birth or C-section with
To determine whether PS1 is completely inactivated in gross skeletal malformation and CNS abnormalities. Histhe homozygous mutants, Northern blot, RT-PCR, and tological analysis of the homozygous mutant brains be-IP-Western analyses were performed. Northern analysis tween embryonic day 9.5 and postnatal day 0 reveals showed that the level of PS1 mRNA is reduced in heterothat the ventricular zone in the ganglionic eminence is zygotes compared to wild-type pups ( Figure 2a) . A residsubstantially thinner in the mutant brain after embryonic ual amount of mutant PS1 mRNA, which is smaller in day 14.5, indicating a drastic reduction in the number size than wild-type PS1 mRNA, was detected in homozyof neural progenitor cells. Symmetric loss of neural progotes ( Figure 2a ). RT-PCR was then performed to detergenitor cells in the ventricular zones of the third and mine whether this smaller form represents aberrant skiplateral ventricles begins to occur at embryonic days 12.5 ping of exons 2 and 3, which are disrupted in the Ϫ/Ϫ and 14.5, respectively. By embryonic day 16.5, bilateral mutants. A PCR product corresponding to the normal cerebral cavitation caused by massive loss of neural splice form including exons 1 through 5 was found in progenitor cells and neurons in the ventrolateral region ϩ/ϩ pups, whereas aberrant splice forms lacking either of the ventricular zone and in the subcortical region of exons 2 and 3 or exons 2 through 4 were found in Ϫ/Ϫ the temporal lobe, respectively, becomes prominent in animals ( Figure 2b ). Since the residual PS1 mRNA dethe mutant brain. These data indicate that PS1 is retected in Ϫ/Ϫ mutants lacks the endogenous ATG coquired for proper formation of the axial skeleton, and is don, it is likely that no endogenous PS1 protein is made involved in normal neurogenesis and survival of progeniin these mutants, though low levels of truncated proteins tor cells and neurons in specific brain subregions.
could conceivably be generated from downstream ATG codons. Since PS1 is normally processed into N-termiResults nal and C-terminal fragments , and there are in-frame ATG codons in PS1 exons 4 and Generation of PS1 Homozygous Mutant Mice 5, we performed IP-Western analysis to test whether the A genomic library from the 129/Sv mouse strain was intact C-terminal fragment is present in Ϫ/Ϫ mutants. A screened with a murine PS1 cDNA fragment spanning more intense 17 kDa band corresponding to the PS1 exons 1 to 3. Three overlapping genomic clones were C-terminal fragment was found in wild type than that isolated, subcloned, and mapped in detail, and the in heterozygotes, whereas no C-terminal fragment was exon-intron boundaries were sequenced. To generate detected in homozygous mutants ( Figure 2c ). We therea null mutation in PS1, two targeting vectors were confore conclude that the targeted PS1 mutation is a null structed, J1.#38 and D3.#37, in which the ATG-conallele. taining exon 3 is replaced with a pgk-neo cassette (J1.#38 is shown in Figure 1a ). Linearized J1.#38 and D3.#37 were then transfected into J1 and D3 ES cells, Phenotypic Characterization of PS1 Mutant Mice PS1 heterozygous knockout mice are viable and fertile, respectively. A total of 720 G418-resistant ES clones (480 J1 and 240 D3 clones) were screened by Southern and indistinguishable from their wild-type littermates by visual inspection. Homozygous mutants derived from analysis for homologous recombination. Correct homologous recombination events were confirmed for one J1 all four ES clones are born with tails that are dramatically shortened and curled toward the right side of the body clone and six D3 clones by performing SpeI and BamHI digests followed by hybridization using the 5Ј and 3Ј (Figure 3a ). These homozygous neonates weigh 15%-20% less than their littermates and have shorter rostrogenomic probes, respectively (Figures 1b and 1c) .
The correct J1 clone and three of the correct D3 clones caudal body axes. They lack the normal cervical and lumbar flexures of the vertebral column and display were microinjected into C57BL/6 mouse blastocysts, and the resulting chimaeras were mated to C57BL/6 thickened necks, loose skin, and hindlimbs curved toward the midline. Homozygous mutants also have intramice. Germline transmission was obtained from all four injected ES lines. Offspring from heterozygous intercranial hemorrhages with varying degrees of severity. A severe case in which the hemorrhage is visible over crosses were typed either by Southern blotting (Figure  1d ), or by PCR (Figure 1e ) using the primers indicated most of the head is shown in Figure 3a . The time of onset of hemorrhage varies among embryos and can in Figure 1a . Mating between heterozygous mice yielded the expected Mendelian ratios: 26% of embryos (n ϭ appear as early as embryonic day 12.5 ( Figure 3b ). At this stage, the severity of the hemorrhage ranges from 338), taken between days 16.5 and 18.5, were homozygous mutants. None of the homozygous mutants (n ϭ the extensive hemorrhage seen in the middle embryo to the very mild form seen in its littermate on the right 92) survived for longer than 30 min after natural birth (n ϭ 4) or C-section (n ϭ 88), but most of them (n ϭ 90)
in Figure 3b . A more consistent aspect of the mutant Figure 1 . Generation of PS1-Deficient Mice (a) Schematic representation of the targeting strategy used to disrupt the first coding exon, exon 3 (d) Southern blot analysis of DNA isolated from newborn pups derived from crosses of heterozygous mice. SpeI-digested genomic DNA from wild-type (ϩ/ϩ), heterozygotes (ϩ/Ϫ), and homozygous mutants (Ϫ/Ϫ) was hybridized with the 0.5 kb 5Ј probe, giving rise to 26 kb and 8 kb bands for wild-type and mutant alleles, respectively. (e) Genotype analysis of embryos by PCR using a PS1 intron 1-specific primer (P1, ACCTCAGCTGTTTGTCCCGG), a neo-specific primer (P2, GCACGAGACTAGTGAGACGTG) and a PS1 exon 3-specific primer (P3, TCTGGAAGTAGGACAAAGGTG). The upper band (345 bp) is specific for the wild-type PS1 gene, and the lower band (300 bp) is specific for the mutant allele.
phenotype entails defects in formation of the axial skeleidentified in the mutant by the 12 pairs of underossified bones in the dorsolateral areas of the cervical and thoton. At embryonic day 9.5, segmentation is less welldefined in homozygous mutants than in wild-type emracic regions and approximately 11 random ossification centers in the ventromedial area of the thoracic, lumbar, bryos, particularly in the caudal region indicated by arrows (Figure 3c ), and by embryonic day 12.5, all muand sacral regions (Figure 4b ). Some of these paired underossified bones in the cervical and thoracic regions tants display a kinked, shortened tail (indicated by arrows in Figure 3b ).
are randomly fused in the lateral regions. In addition, PS1 Ϫ/Ϫ mutants have only approximately 9-11 instead of 13 pairs of ribs with the posterior rib segments missMalformed Axial Skeleton in PS1 Null Mutants The external appearance of PS1 null mutants indicates ing, and the existing ribs underossified and fused (Figures 4c and 4d) . Unlike ribs in wild-type mice, which are that their axial body plan is malformed. To study formation of the axial skeleton further, embryos obtained by attached to the vertebral column by cartilage, the ribs in PS1 mutants are detached from the vertebral column C-section on day 19 were stained with alizarin red and alcian blue for bone and cartilage, respectively. The axial and are only present in the thoracic region in association with these underossified bones in the vertebral column. skeleton and ribs were found to be severely malformed in PS1 null mutants (Figure 4a ). Although vertebrae in
The sternum of mutant mice is shorter and thicker relative to wild-type mice, and lacks intersternebral cartithe cervical, thoracic, lumbar, and sacral regions are present in the mutants, they are fused and the vertebral lage, by which ribs attach to the sternum. An additional skeletal abnormality present in the mutant is underdecolumn lacks the normal flexures (Figures 4a and 4b) . Caudal to the pelvis, the axial skeletal structure is comvelopment of the occipital bones. The bones of the limbs, pelvis, scapulae, and clavicles are morphologipletely missing in the null mutants (Figure 4a ). There are approximately 12 pairs of underossified bones and 3-4 cally normal in the PS1 mutant mice.
The results described above demonstrate that PS1 is pairs of random ossification centers followed by an unossified and unsegmented cartilaginous mass on the required for skeleton formation. To determine whether the malformation of the axial skeleton is due to defects dorsal aspect of the vertebral column in the PS1 null mutants. A total of approximately 23 segments can be in somite formation, and whether PS1 is required for normal somitogenesis, day 9.5 and 10.5 embryos were serially sectioned and stained with hematoxylin and eosin. We found that epithelial somites are present in the PS1 null mutant as in the wild type (Figures 4e and 4f), although the segmentation in the caudal region of PS1 Ϫ/Ϫ mice appears less distinct ( Figure 3c ). In addition, individual compartments of the somites (dermamyotome and sclerotome) are morphologically identifiable in the PS1 Ϫ/Ϫ mutants (Figures 4f and 4h ). Thus, PS1 is not required for epithelial somite formation. It is also worth noting that the notochord in the PS1 null mutant appears to be normal (Figures 4f and 4h ), unlike the degenerate notochord in the spontaneous mouse mutant, Danforth's short-tail (Sd), which also has a kinky short tail.
Symmetric and Region-Specific Cavitation Caused by Loss of Neural Progenitor Cells and Neurons in PS1
Ϫ/Ϫ Brains PS1 is expressed throughout developing embryos with particularly abundant expression in the ventricular zone of the developing brain Berezovska et al., 1997) . To identify additional anatomical defects in PS1 null mutants, day 17.5 embryos were serially sectioned and stained with hemotoxylin and eosin. No gross abnormalities were found in the majority of organs in the homozygous mutants with the exception of lung and brain. The alveoli in the lungs of the null mutant were poorly expanded relative to wild type, probably due to mechanical difficulties imposed by the mutant's defective ribcage. The most striking abnormality observed in the brain consists of symmetric cavitation in the ventrolateral region of the ventricular zone in the posterior portion of the mutant brain (Figures 5b and 5c ). As shown in Figures 5a, 5d, and 5g, prominent features of the normal brain at this developmental stage include the ventricular and subventricular zones along the lateral ventricle, the intermediate zone, the subplate, and the developing cortical plate. In addition, the dentate gyrus of the hippocampal formation is becoming a distinct structure at this stage ( Figure 5d ). In the PS1 homozy- RT-PCR analysis of PS1 expression. A primer specific for exon 11 was used for reverse transcription, and primers specific for exons from wild-type, reveals symmetric atrophy not only in the addition, the lateral ventricles in these homozygous muwas used as primary antibody for Western blot analysis. A 17 kDa tants are dilated relative to the control (Figures 5a-5c ).
band was found in samples from ϩ/ϩ and ϩ/Ϫ newborn pups, but
In over 40 mutant brains examined at embryonic days not from Ϫ/Ϫ mutants.
17.5 and 18.5 and the neonatal stage, this striking region-specific and symmetric loss of neurons and neural progenitor cells is always present with varying severity.
embryos aged day 12.5 and their littermate controls (ϩ/Ϫ or ϩ/ϩ) revealed that the lateral ganglionic emi-A consistently associated finding is the thinner cortical nence is much less prominent in the mutant brains than plate of the mutant brain relative to that of the control in the controls (Figures 6a and 6b ). There appear to be (Figures 5d-5f ). The dentate gyrus in PS1
Ϫ/Ϫ mutants is fewer dividing progenitor cells in the luminal layer of the also less distinct at this stage compared to that of the ventricular zone in the lateral ganglionic eminence in control (Figures 5d-5f ).
the mutants relative to the controls (Figures 6c and 6d ). Another abnormality in the mutant brain is the presIn addition, the ependymal layer and the ventricular zone ence of hemorrhages. As shown previously in Figures at the diencephalic sulcus, which is indicated by the 3a and 3b, the PS1 null mutants have visible intracranial arrows in Figures 6e and 6f, are symmetrically disrupted hemorrhages, which occur with varying severity and in the mutants but not in the controls. Two of these three time of onset. The presence of hemorrhages was caremutant embryos had varying degrees of hemorrhage in fully examined throughout all serial sections of these the ventricular system. two homozygous mutant brains shown in Figure 5 . No Similar to the day 12.5 mutant embryos, serial transhemorrhage was found in the midbrain and hindbrain, verse sections of three mutant brains at embryonic day and a few small, localized hemorrhages were detected 14.5 show that the lateral ganglionic eminence is less in the cerebral cortex of both mutant brains (data not prominent relative to the control (Figures 6g and 6h) . The shown). Severe hemorrhages and associated infarcts in ventricular zone in the PS1 Ϫ/Ϫ mutant brains is markedly the thalamus of one mutant brain are indicated by arrows thinner, indicating a reduction in the number of neural shown in Figures 5c and 5f, whereas no hemorrhage is progenitor cells. Although at this embryonic stage the seen in the thalamus of the other mutant brain (Figures ventricular zone is clearly present in all mutant brain 5b and 5e). Although the lateral ventricles of the mutant sections examined, disruption of the deepest layers of brains are moderately dilated, only trace amounts of the ventricular zone, the ependymal and luminal layers, blood were detected in the ventricles throughout the begins to be seen in the ventrolateral region at the postebrain sections of these two mutants. The cause of hemrior portion of the lateral ventricles (indicated by the orrhage is unclear. Examination of the cerebral vasculasingle arrow in Figure 6j ). The mutant brain with the most ture in the mutant brain sections revealed no obvious severe hemorrhage is shown in Figures 6h and 6j , but vascular defects (data not shown).
the symmetric disruption of the ependymal and luminal layers is present in the mutant brains with less or little Impaired Neurogenesis in PS1 Ϫ/Ϫ Brains hemorrhage. At this developmental stage, the hippoTo assess fully the time of onset and progression of the campal formation is already quite prominent in the concerebral cavitation occurring in the mutant brain during trol brain (indicated by the double arrow in Figure 6i ) development, embryos at days 9.5, 10.5, 12.5, 14.5, and but is hardly recognizable in the mutant brain (indicated 16.5 were serially sectioned and carefully examined for by the double arrow in Figure 6j ). In addition, the neuthe occurrence of abnormalities in neural development.
ronal density along the external capsules appears to be The presence of hemorrhages was also assessed lower in the mutants than in the controls (Figures 6g throughout the brain sections. and 6h). As in day 12.5 mutant embryos, the ventricular Serial sections of six mutant embryos at days 9.5 and zone along the mid-portions of the third ventricle is ab-10.5 were compared with their wild-type or heterozysent in day 14.5 mutant embryos (data not shown). gous littermate controls, and no gross abnormalities More than ten mutant and control embryos aged day were found, except that the telencephalic vesicle in the 16.5 were serially sectioned, and careful examination of mutants appeared to be smaller, and that mild hemorall coronal sections revealed a progression of neuronal rhage into the fourth ventricle and the lumen of the loss from anterior to posterior portions of the cerebral neural tube was seen in one of the six mutants (data hemispheres in the mutants. Comparable coronal sections of the control and mutant brains at three different not shown). Serial transverse sections of three mutant cerebral architecture is evident in the mutant brain, in addition to the thinner ventricular zone and less prominent ganglionic eminence (Figures 6m and 6n) . The ependymal and subependymal layers are disrupted in the ventrolateral region but not in the dorsal or ventromedial regions in the mutant brain. The disrupted area in the mutant brain is indicated by the arrow in Figure 6s , and the comparable area in the control is indicated by the arrow in Figure 6r . Bilateral cavitation in the subcortical region of the temporal lobe along the external capsule is already severe in day 16.5 mutant brains (indicated by the single arrow in Figure 6n ). The ventricular zone along the lateral portion of the third ventricle is missing in the day 16.5 mutants (indicated by the double arrow in Figure 6n ) as in the day 14.5 mutants. At a more posterior level, the day 16.5 mutant brain is similar to the day 17.5 mutant brains shown in Figures 5b and 5c , with severe disruption in the ventrolateral regions of the ventricular zone and in the subcortical region of the temporal lobe along the external capsule (Figure 6q ). Careful assessment for the presence of hemorrhages in these brain sections confirmed that the location of hemorrhages appears random and that the severity varies among animals. Hemorrhagic infarcts are sometimes found to be associated with these randomly located hemorrhages.
Discussion
The Cause of Lethality in the PS1 Null Mutant To characterize the normal functions of PS1, we have generated a null mutation in the PS1 locus in mice. Homozygous mutant embryos or neonates from four independent ES cell lines all died within minutes after C-section or natural delivery. While observing three female mice giving birth, we found that all four homozygous mutant neonates were born alive, but died shortly thereafter. Among 88 mutants obtained by C-section 18.5. Instead, the cause of lethality is likely to be the wild-type (g) and mutant (h) embryos. The notochord is indicated as "n" in (e) and (f). Scale bars, 100 m.
marked deformities of the ribcage, which would significantly impair the respiratory mechanics of the mutants. This interpretation is supported by the finding that the levels are shown in Figures 6k-6s . Comparison of the lungs of the mutants are incompletely expanded, with heterozygote and mutant embryos at an anterior level hypoinflation of the alveoli evident in cross sections of showed that, consistent with the phenotype observed the lung. This hypothesis is further supported by the at earlier developmental stages, the ganglionic emifinding that another knockout mutant, paraxis Ϫ/Ϫ (Burnence is less prominent, and the ventricular zone is gess et al., 1996; see detailed discussion below), which thinner in the mutant, though at this level the ependyma has apparently identical ribcage defects but no CNS is intact (Figures 6k and 6l) . At the level of the intervenhemorrhages, also dies shortly after birth, presumably tricular foramen of Monroe, where the lateral ventricles join the third ventricle, a more dramatic disruption of due to respiratory difficulties. The Role of PS1 in Axial Skeleton Formation are coexpressed at high levels in the ventricular zone of the developing mouse brain (Berezovska et al., 1997) , PS1 is essential for proper formation of the axial skeleton, based on the fact that the body axis and skeletal and that PS1 is the functional homolog of sel-12, which is a suppressor/enhancer of lin-12, a Notch family member development are disrupted in the PS1 null mutant. The mechanism by which PS1 contributes to proper skeleton (Levitan and Greenwald, 1995; Levitan et al., 1996) . Paraxis is a basic helix-loop-helix transcription factor formation is unclear. Clues to the mechanism have come from studies of other mouse mutants, Notch1 Ϫ/Ϫ and expressed in paraxial mesoderm and somites (Burgess et al., 1995) . The external appearance of paraxis-null paraxis Ϫ/Ϫ , which display similar skeletal defects and caudal dysgenesis. Notch proteins are a family of cell neonates is virtually indistinguishable from the PS1 null neonates, except that the intracranial hemorrhages ofsurface receptors involved in developmental cell fate decisions and lateral inhibition (Artavanis-Tsakonas et ten seen in PS1 mutants are absent in paraxis mutants (Burgess et al., 1996) . Neonates of both knockouts have al. , 1995) . At embryonic day 9, the Notch1 null mutant already displays a deficit in posterior development. Sodramatically shortened and curled tails. They both lack the normal vertebral flexures and have thickened necks mites in the Notch1 Ϫ/Ϫ mutant form and subsequently develop into dermamyotome and sclerotome, but the and shortened rostrocaudal body axes. Similar to PS1 null mutants, the axial skeleton of the paraxis null mucoordination of somite formation is disrupted, leading to variations in somite size and misalignment of the tants is malformed with fused vertebrae and defective ribcages. The vertebral column of both mutants lacks somites across the midline (Conlon et al., 1995; Swiatek et al., 1994) . In PS1 Ϫ/Ϫ mice, epithelial somites as well the normal skeletal and cartilaginous elements of the axial skeleton caudal to the pelvic region. In both muas the individual somite compartments are clearly present in transverse sections (Figures 4f and 4h) . However, tants, only 20-25 vertebral structure elements in the form of underossified bones and ossification centers as in the case of the Notch1 Ϫ/Ϫ embryos, the intersomite boundaries are blurred in the caudal region, suggesting can be identified. Ribs of both mutants are underossified and fused and are detached from the vertebral column. a possible interaction of PS1 with the Notch signaling pathway. Such a functional interaction has also been Several posterior ribs are missing in both knockouts, and the sterna of both mutants lack intersternebral cartilage, inferred previously from the findings that PS1 and Notch through which the ribs attach to the sternum. Although respectively. The striking similarities between the PS1 and paraxis null mutants in skeleton formation and the the skeletal phenotypes of the PS1 and paraxis null mutants are indistinguishable, the somitogenesis in the difference in somite formation suggest that their functions converge in the pathway for skeleton formation. two mutants appears to be different. In paraxis Ϫ/Ϫ mice, cells from the paraxial mesoderm are unable to form How PS1 and Paraxis interact, the identity of other components of the pathway, and whether Notch1 plays a epithelial somites, so that all epithelial somites, as well as all morphologically identifiable somite compartments role in the same pathway remain to be determined. (dermatome, myotome and sclerotome), were absent (Burgess et al., 1996) . However, the cells composing the
The Role of PS1 in Neural Development
We have shown a symmetric and region-specific loss dermatome, myotome, and sclerotome are present in the paraxis mutant, as determined by in situ hybridizaof neural progenitor cells and neurons in PS1 Ϫ/Ϫ brains (Figures 5 and 6 ). At embryonic day 12.5, the ventricular tion using the specific probes Pax-3, Pax-7, and Pax-9, zone of the lateral ventricles is clearly present and intact of onset are random and independent of the stage of embryonic development. Hemorrhages are sometimes throughout the mutant brain sections examined (Figures  6b and 6d) . At embryonic day 14.5, most layers of the very severe at an early embryonic stage, and conversely, sometimes very mild even at the postnatal stage. Third, ventricular zone are still clearly present, although it is generally thinner in the mutant brain than in the control severe neuronal loss in some cases occurs in the absence of severe hemorrhage and lateral ventricular dila- (Figures 6h and 6j) . However, the deepest layers of the ventricular zone in the ventrolateral region at the postetion, such as in the examples in Figures 5b and 5c . Careful examination of serial sections throughout these rior portion of the lateral ventricles begin to show signs of degeneration (indicated by the single arrow in Figure  two mutant brains showed that there are only trace amounts of blood in the lateral ventricles of both mu6j). By embryonic day 17.5, all layers of the ventricular zone in the ventrolateral region at the posterior portion tants, very mild hemorrhage in the cortex and thalamus of one mutant, and severe and no hemorrhage in the of the lateral ventricles are completely gone and replaced by a cavity (Figures 5e, 5f , 5h, and 5i). In addition thalamus and cortex of the other mutant, respectively. However, the extent of neuronal loss in these two litto this region-specific and progressive degeneration of the ventricular zone, the subcortical region of the tempotermate mutants is very similar (Figures 5b, 5c , 5e, 5f, 5h, and 5i). Although the lateral ventricles are dilated in ral lobe also shows substantial degeneration by embryonic day 16.5 (indicated by the single arrow in Figure  these two mutant brains, the ventricular system often appears normal in other mutant brains with severe neu6n), whereas at embryonic day 14.5, this subcortical region is still relatively intact (Figure 6h ). These results ronal loss ( Figure 6 and data not shown). Given all the reasons listed above, we think it is highly unlikely that indicate that degeneration of the neural progenitor cells and neurons occurs in a region-specific manner in the the neuronal loss is caused by the hemorrhages. This issue could be addressed more definitively by an in vitro ventricular zone and in the subcortical region, respectively. The degeneration of the ventricular zone in the culture of brain slices derived from PS1 null mutants, or by a conditional PS1 knockout mouse in which PS1 ventrolateral region cannot be explained by reduced proliferation of progenitor cells, and it can only be acexpression is disrupted only in neurons during development. counted for by the loss of progenitor cells in this specific region. In addition, reduction in the number of progenitor cells in the ventricular zone cannot explain the degenerImplications for the Pathogenesis ation that occurs in the subcortical region of the tempoof Alzheimer's Disease ral lobe. How PS1 protects the neurons and progenitor
The mechanism by which the pathogenic PS1 mutations cells in these specific regions from degeneration during cause AD is still unclear. The pathogenesis could be neural development needs to be determined. associated with either a gain of function or a loss of In addition to region-specific loss of neural progenitor function in PS1 mutant alleles. The fact that all 26 domicells and neurons, neurogenesis is also impaired in PS1 nant, fully penetrant mutations in PS1 are missense munull mice. Beginning at embryonic day 14.5, the ventricutations, rather than nonsense or frameshift mutations, lar zone is markedly thinner, indicating a drastic reducargues for the former possibility. Further support for tion in the number of neural progenitor cells in the mutant this hypothesis has come from the findings that Ab1-42 (Figures 6g-6s) . The most straightforward explanation secretion is increased in FAD patients bearing mutant for the reduced number of progenitor cells is that prolif-PS1 alleles, as well as in transgenic mice and transfected eration is impaired during neurogenesis. This notion is cells overexpressing mutant PS1 alleles (Borchelt et al., supported by the observation that there appear to be 1996; Duff et al., 1996; Lemere et al. , fewer actively dividing progenitor cells in the luminal 1996; Scheuner et al., 1996; . However, layer of the ventricular zone in the lateral ganglionic it remains possible that the pathogenic mutations lead eminence (LGE) of the mutant brain at embryonic day to a loss of function by lowering the dosage of PS1 12.5 (Figure 6d ). Previous results have suggested a funcbelow a critical level (haploinsufficiency). In C. elegans, tional interaction of PS1 with the Notch signaling pathintroduction of several FAD-associated mutant PS1 way. Notch participates in embryonic neurogenesis in cDNAs resulted in only a partial rescue of the sel-12 Drosophila, and lack of Notch expression leads to a mutant phenotype, whereas introduction of the wildlethal hypertrophy of the nervous system (Artavanistype PS1 cDNA gave rise to a complete rescue (Levitan Tsakonas et al., 1995) . Whether PS1 indeed interacts Baumeister et al., 1997) . This result suggests with Notch to effect neurogenesis remains to be rethat the FAD-associated PS1 mutations may lead to a solved. An alternative explanation for the reduction in reduction in PS1 activity. If this is the case, our finding the number of progenitor cells is increased cell death that lack of PS1 leads to loss of neural progenitor cells in the PS1 Ϫ/Ϫ brain. and neurons during development may be relevant to the Despite the presence of hemorrhages in the mutant neuronal loss seen in FAD patients. Although absence of brains, the loss of neurons and progenitor cells appears PS1 expression in mice results in severe developmental independent of hemorrhages for the following reasons.
defects, it is possible that inactivation of only one PS1 First, the location of the loss is very symmetric and allele by FAD-associated mutations permits normal deregion-specific, whereas the hemorrhages occur in ranvelopment, but has a deleterious effect on neuronal surdom locations. Second, the loss of neurons and progenivival in the adult brain. In this respect, it will be interesttor cells is a gradual process with increasing severity ing to see whether aged heterozygous knockout mice paralleling the progression of neural development, whereas the severity of hemorrhages and their times develop AD-like neuropathological defects. Regardless against the PS1 synthetic peptide 457-467 (Citron et al., 1997) , and of whether a gain of function or loss of function is operacovalently linked to protein A-Sepharose .
tive in FAD patients, it would be highly useful to generate
The immunoprecipitated samples were washed with monoclonal mice in which FAD-associated mutations have been antibody 13A11, which was raised against residue 294-309 of PS1
"knocked-in" to the PS1 locus. In contrast to transgenic , eluted, and electrophoresed on 8%-16% mice overexpressing mutant PS1 ectopically, such an SDS-polyacrylamide gels and then immunoblotted.
animal might provide a more natural model for FAD, permitting a more accurate assessment of the effects Skeletal Preparation C-sectioned embryos from approximately embryonic day 19 were of pathogenic mutations.
eviscerated and skinned, and the skin was used for genotyping. The carcasses were placed in water overnight, then placed in water Experimental Procedures at 65ЊC for 1 min and transferred to 100% ethanol for 3 days. The carcasses were then stained with alcian blue (15 mg alcian blue in PS1 Targeting Construct 80 ml of 95% ethanol and 20 ml of glacial acetic acid) for 12 hr, The mouse PS1 cDNA sequence obtained from GenBank was used rinsed in 100% ethanol overnight, cleared in 2% KOH for 6 hr, stained to design primers (P5, GGCAGCTGAGGCGGAAACCTAGG and P6, with alizuine red (5 mg in 100 ml of 2% KOH) for 3 hr, and finally GGATGGCGCTGCTGGAGTGG), which were used to generate a 250 cleared again in 2% KOH for 12 hr. bp cDNA fragment from a mouse brain cDNA library by PCR. This 250 bp fragment, containing sequence corresponding to PS1 exons Histology 1 to 3, was then used as a probe to screen a 129/Sv genomic phage Embryos were fixed in Bouin's solution or 4% paraformaldehyde library. Multiple clones containing overlapping PS1 genomic regions and then embedded in paraffin wax. Serial sections of 5 m were were identified, subcloned, and carefully restriction mapped. A 5 prepared and stained with hematoxylin and eosin. kb BamHI-XmaI fragment was used as the 5Ј arm in both targeting constructs. HaeII-XbaI (5.5 kb) and SacI-NheI (4 kb) fragments were Acknowledgments used as the 3Ј arms in J1.#38 and D3.#37, respectively. In both constructs, PS1 exons 2 and 3 are replaced with a 1.8 kb pgk-neo
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